The components of MAPK (mitogen-activated protein kinase) signalling pathways can assemble into complexes that are co-ordinated by regulatory proteins including scaffold proteins. There is increasing evidence that scaffold proteins (i) maintain signalling specificity and facilitate the activation of pathway components, (ii) localize pathway components to particular subcellular sites or to specific targets, and (iii) serve as a point of signal integration to allow regulation of MAPK pathways by other signalling events in the cell. One family of scaffold proteins that regulate signalling by stress-activated MAPKs are the JIPs [ JNK (c-Jun N-terminal kinase)-interacting proteins]. JIP proteins have been demonstrated to form complexes with specific JNK and p38 MAPK signalling modules and to play important roles in brain development, neuronal trafficking, apoptosis, β-cell function and insulin responses. Here, I briefly review our current understanding of the biochemical properties and physiological roles of JIP proteins.
Introduction
Mitogen-activated protein kinase (MAPK) signalling pathways are evolutionarily conserved and are involved in many cellular processes including growth, differentiation, apoptosis and the immune response [1] . These pathways feature a conserved signalling cascade consisting of an MKKK (MAPK kinase kinase), which phosphorylates and activates an MKK (MAPK kinase), which then activates the MAPK by phosphorylation on threonine and tyrosine residues within a conserved motif located in the activation loop of the kinase [1] . The components of these pathways associate with many types of regulatory proteins including scaffold proteins that can co-localize the components of the pathway and regulate their activities [2] . MAPK scaffold proteins were originally uncovered in yeast, while more recently mammalian scaffold proteins that co-ordinate specific MAPK signalling cascades have been identified, including those that regulate the stressactivated JNK (c-Jun N-terminal kinase) and p38 MAPK pathways [2] . The most extensively studied of these are the JIPs (JNK-interacting proteins), which scaffold distinct JNK signalling modules and may also participate in p38 MAPK signalling.
Properties of JIP scaffold proteins
Identification of JIP scaffold proteins JIP proteins have been identified in Drosophila, Caenorhabditis elegans and mammals; however, they bear no sequence similarity to yeast scaffold proteins [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In mammals, there are four genes encoding JIP family members. JIP1 [also termed IB1 (islet-brain 1)] was first identified as a JNK-interacting partner from a yeast two-hybrid screen and features a JBD (JNK-binding domain) within the N-terminus [6] ( Figure 1 ). This domain is similar to other JNK docking domains (D-domains) found in a variety of JNK-binding proteins including MKKs, MKPs (MAPK phosphatases) and substrates such as c-Jun [13] . The C-terminal half of JIP1 contains protein-protein interaction domains including an SH3 (Src homology 3) domain and a PTB domain (phosphotyrosine-binding domain) [6] (Figure 1 ). The second family member, JIP2 (also termed IB2), was isolated based on its sequence similarity to JIP1 and has the same domain structure [7] (Figure 1 ).
JIP3 and JIP4 are highly related to each other but their sequences are distinct from those of JIP1 and JIP2, apart from within the JBD [8] [9] [10] [11] [12] (Figure 1) . At their N-terminus, JIP3 and JIP4 contain an extended coiled-coil domain and a leucine zipper, while within the C-terminus there is a potential transmembrane region [8] [9] [10] [11] [12] . JIP3 and a protein encoded by a splice variant [JSAP1 (JNK/stress-activated protein kinaseassociated protein 1] were both isolated in yeast two-hybrid screens using JNK isoforms as the bait [8, 9] . The JIP4 gene encodes at least three different proteins arising from alternative splicing: JIP4 [10] , JLP (JNK-associated leucine zipper protein) [11] and SPAG9 (sperm-associated antigen 9) [12] ( Figure 1 ). JIP4 was isolated based on its sequence homology to JIP3 [10] , while SPAG9 was identified as a human sperm protein [12] , and JLP was isolated as a binding partner of the Max transcription factor [11] . The different forms of JIP3 and JIP4 may have particular functions as some of them display differential tissue expression and have distinct binding partners [8] [9] [10] [11] [12] .
Expression of JIP proteins
All the mammalian JIP proteins are highly expressed in brain [6] [7] [8] [9] [10] . JIP1 and JIP2 proteins are also highly expressed in pancreatic β-cells [7, 14] , with lower levels of JIP1 present in other tissues [6, 7] . The JIP1 expression pattern is at least in part controlled by the transcriptional repressor REST (repressor element 1 silencing transcription factor), which is absent from β-cells and neurons [15] . JIP3 is also found in testis and heart with lower levels in other tissues [8, 9] , while JIP4 is also found in kidney and liver [10] . JIP proteins are mainly found in the cytoplasm of cells, although nuclear localization has been reported [7, 8, 14, [16] [17] [18] [19] [20] . In differentiating neuronal cells, JIP1, JIP2 and JIP3 localize to the growth cones with JIP3 also localizing to the soma [8, [16] [17] [18] [19] .
JIP proteins scaffold JNK signalling modules JIP1 was initially characterized as an inhibitor of JNK signalling due to the observation that when overexpressed in cells it prevented JNK from phosphorylating its nuclear substrates such as c-Jun [6] . This led to the development of peptide inhibitors of JNK, based on the sequence of the JIP1 JBD, that block JNK function in vivo [21] . Subsequently it was found that JIP1 also binds to the JNK-specific MKK, MKK7, and members of the MLK (mixed-lineage kinase) family of MKKKs, and could enhance JNK signalling when the scaffold was not in excess of the JNK pathway components [22] ( Figure 2 ). The control of JIP protein levels in cells is therefore likely to be an important mechanism of regulation as JIP1 could switch from promoting activation of JNK to being an inhibitor via increased or decreased expression or stability.
JIP1 and JIP2 bind to all the JNK isoforms ( JNK1, JNK2 and JNK3) via the JBD, while central and C-terminal regions bind to MKK7 and MLKs respectively (Figure 2 ). These interactions are direct and can be reconstituted in vitro [6, 7] . However, it is still unclear whether a multimolecular complex forms in vivo whereby all the components of the pathway are simultaneously bound by the scaffold protein. An alternative model has been proposed whereby under non-stressed conditions JIP1 is bound to the monomeric inactive form of the MLK family member DLK (dual leucine zipper-bearing kinase) and then in response to stress JIP1 recruits JNK and is phosphorylated by JNK, leading to dissociation of DLK and the formation of active autophosphorylated DLK dimers that promote further JNK activation [23] . This model suggests that JIP1 may not be important for initial JNK activation but may enhance or prolong the activation.
JIP3 also binds to an MLK-MKK7-JNK signalling module and enhances JNK activation [8] , while the JIP3 variant, JSAP1, is reported to serve as a scaffold for an MEKK1-MKK4-JNK module (where MEKK is MAPK/extracellularsignal-regulated kinase kinase kinase) [9] (Figure 2) . The JIP4 variant, JLP, associates with an MEKK3-MKK4-JNK module and promotes JNK activation [11] , although surprisingly, despite its ability to bind JNK, JIP4 itself does not appear to enhance JNK activation [10] . Both JIP3 and JIP4 are also reported to bind to another MKKK, ASK1 (apoptosis signal-regulating kinase 1) [10] .
JIP proteins as p38 MAPK scaffolds
In addition to functioning as JNK pathway regulators, there is evidence that some JIP family proteins can act as scaffolds for the p38 MAPK pathway. Separate studies have reported that JIP2 facilitates p38 signalling by binding to either the p38α or p38δ isoforms [24, 25] . JIP2 bound p38α as part of a complex with the p38-specific MKK, MKK3, and regulators of RacGTPase [24] , whereas p38δ binding to JIP2 was enhanced by JIP2 association with FHF2 (fibroblast growth factorhomologous factor-2), a member of a family of proteins for which the functions are poorly understood [25] . JIP4 also binds to p38α and promotes p38α signalling [10, 11] . At present, it is not clear whether JNK and p38 isoforms are directly competing for binding to JIP proteins and can thereby suppress the activation of each other.
Oligomerization of JIP proteins
All the JIP proteins can form homo-oligomers, while JIP2 can also hetero-oligomerize with JIP1 and JIP3 [7, 8, 10, 26] . X-ray crystallography and mutational analysis have demonstrated that JIP1 homodimerizes via its SH3 domains and that oligomerization may be important for the scaffold function of JIP1 [26] . While the functional implications of hetero-oligomerization among JIPs is unclear, it is reported that JIPs can bind to another JNK scaffold protein, POSH (plenty of SH3s), and that these multiscaffold complexes collaborate to regulate JNK activation [27] .
JIP proteins integrate both positive and negative regulators of JNK
As well as recruiting JNK activators (i.e. MLK and MKK7), JIP proteins also recruit negative regulators of JNK. For example, JIP1 and JIP2 selectively associate with the JNKspecific MKPs, MKP7 and M3/6, resulting in enhanced dephosphorylation and inactivation of JNK [28] . The conditions under which these phosphatases are recruited to JIP scaffold complexes in vivo remain to be determined, although MKP7 expression is increased following JNK activation [29] , suggesting that MKP7 may suppress JIP-mediated JNK signalling as part of a negative feedback loop. Other signalling pathways also interfere with JIP-mediated JNK signalling. The intracellular domain of Notch1 binds to the JIP1 JBD and competes with JNK binding, leading to reduced JIP1-mediated JNK activation [30] , while Akt (protein kinase B) binds to JIP1 and disrupts formation of the scaffold complex, leading to reduced JNK activity and reduced neuronal apoptosis [31] . Interestingly, the JIP1-Akt interaction may also regulate Akt signalling [32] .
Physiological roles of JIP proteins

JIP proteins in neuronal development and function
Studies of JIP homologues in lower eukaryotes and recent gene targeting studies in mice have provided evidence for important roles of JIP proteins in development and in stress responses. Mutation of the genes encoding JIP1 (Aplip1) or JIP3 (Syd) from Drosophila or JIP3 (UNC-16) from C. elegans leads to reduced axonal anterograde and retrograde vesicle transport, which is similar to the effect of blocking kinesin-1 action [3] [4] [5] 33] . The targeting of the JIP3 gene in mice leads to loss of the telencephalic commissure and a disorganized telencephalon and is suggestive of a defect in axon guidance that may be due to reduced vesicle transport, as occurs in the Drosophila and C. elegans mutants [34, 35] .
JIP proteins may regulate axonal vesicle transport via their interactions with the light chain of kinesin-1 [3, 4, 10, 16, 17, 33] ( Figure 2 ) and may link kinesin-1 to transmembrane proteins found in vesicles such as APP (amyloid precursor protein) [36] . APP is strongly implicated in the pathogenesis of Alzheimer's disease as the aberrant proteolytic processing of APP leads to the generation of β-amyloid peptides, the major constituent of senile plaques found in the brains of Alzheimer's patients. JIP1-APP interactions may modulate APP metabolism [37] . In addition, JIP3 enhances JNK phosphorylation of APP [18] , while JIP1 preferentially binds to the phosphorylated APP and is required to transport it to neuron growth cones [19] , indicating functional collaboration between these JIP proteins. These results support a role for JIP proteins in kinesin-mediated axonal transport of APP and, potentially, other proteins including Dcx [38] that may be essential for correct axon guidance and neuron function.
In addition to defects in axonal vesicle transport, Aplip1 (Drosophila Jip1) mutants displayed reduced retrograde transport of mitochondria consistent with defective dynein action [3] . However, JIP1-deficient mice do not display abnormalities in brain anatomy and develop normally, suggesting that mammalian JIP1 is not essential for axonal transport of vesicles and axon guidance [16] . It is possible that the other JIP proteins may compensate for the loss of JIP1. Indeed, transgenic expression of JIP1 in the JIP3-null mice partially rescued the axon guidance defects observed in the JIP3-null mice, indicating that there is some functional redundancy between the JIP family members [35] . The JIP1-deficient mice did display a stress-related neuronal phenotype. In response to excitotoxins and ischaemia, there were defects in JNK signalling and neuronal apoptosis [16] . This phenotype is similar to those of mice lacking the neuronal JNK isoform, JNK3, and of mice with a c-Jun mutant that lacks JNK phosphorylation sites, demonstrating a clear functional link between the JIP1 scaffold protein and apoptotic JNK signalling in neurons [39] . JIP3, like JIP1, also plays an important role in JNK-dependent neuronal apoptosis by regulating the activation of the mitochondrial apoptotic machinery [40] . Interestingly, in hippocampal neurons, anoxic stress causes the relocalization of JIP1 from the growth cones to the perinuclear region [16] , while the Drosophila JIP3 protein SYD (Sunday driver) also undergoes retrograde axonal transport following nerve injury [33] . This suggests a model whereby JIP scaffold proteins provide a link between axonal transport and stress signalling [33] . It should be noted that a separate study found that JIP1 gene disruption in mice caused pre-implantation lethality, suggesting a potential role in early embryogenesis in some mouse strain backgrounds [41] .
Role of JIP1 in diabetes and obesity
Several studies have implicated the JNK pathway in diabetes and obesity [42] and it is reported that a missense mutation in the human JIP1 gene co-segregates with Type 2 (non-insulin dependent) diabetes [43] . In β-cell lines, JIP1 can regulate the expression of the glucose transporter GLUT2 and insulin as well as regulating cytokine-induced apoptosis, suggesting direct roles in β-cell function [14, 43, 44] . JIP1 is also required for obesity-induced JNK activation in fat and muscle in mice and thereby contributes to the development of obesity and insulin resistance [45] . JIP1 therefore represents a potential target for therapies to treat obesity and diabetes.
Other roles for JIP proteins
Interestingly, the JIP1 interaction with APP, in addition to its potential function in neuron growth cones, may also have a nuclear role. JIP1 has been found localized to nuclear speckles along with the cleaved transcriptionally active AICD (APP intracellular domain) form of APP and the histone acetyltransferase TIP60 [20] and in reporter gene assays JIP1 enhances AICD transcriptional activity [46] . While the in vivo role of JIP proteins in transcription remains unclear, the reported binding of JIP1 to the GLUT2 promoter [14] and to the Pax2 transcription factor [47] , and of the JIP3 variant JLP to Max [11] , provides additional evidence pointing towards a transcriptional function.
JIP3 may also have other important functions in cells. It binds to the tyrosine kinase FAK (focal adhesion kinase) and controls cell migration in response to fibronectin [48] , and also mediates lipopolysaccharide-induced JNK activation in a macrophage cell line via direct association with TLR4 (Toll-like receptor-4) [49] . In addition, the JIP3-deficient mice die soon after birth from breathing difficulties, although it is unclear whether this is due to a lung defect or is a result of the various neuronal defects [34, 35] .
Summary
JIP scaffold proteins bind to components of the JNK and p38 MAPK signalling pathways and control their activation and cellular localization. There is increasing evidence that these scaffold proteins are key regulators of axonal transport in neurons and are important for β-cell function and insulin sensitivity of adipose tissue ( Figure 2) ; however, the molecular mechanisms of how they link JNK and p38 signalling to particular cellular events are not fully understood. JIP proteins may integrate multiple signals to regulate these MAPKs and may also regulate other signalling events in cells due to their ability to associate with the components of different signalling pathways (see e.g. [30] [31] [32] ). In addition, JIP proteins are subject to post-translational modifications; for example, a recent study identified over 30 phosphorylation sites on JIP1 following stress [50] . Future work will shed light on the complexity of JIP signalling and will provide important insights into how these scaffold proteins co-ordinate stress and developmental cues to direct specific biological responses.
